The current study was the first to use a regression approach to examine the unique contributions of central executive (CE) and storage/rehearsal processes to working memory (WM) deficits in adults with ADHD. Thirty-seven adults (ADHD ϭ 21, HC ϭ 16) completed phonological (PH) and visuospatial (VS) working memory tasks. While both groups performed significantly better during the PH task relative to the VS task, adults with ADHD exhibited significant deficits across both working memory modalities. Further, the ADHD group recalled disproportionately fewer PH and VS stimuli as set-size demands increased. Overall, the CE and PH storage/rehearsal processes of adults with ADHD were both significantly impaired relative to those of the healthy control adults; however, the magnitude of the CE effect size was much smaller compared to previous studies of children with the disorder. Collectively, results provide support for a lifelong trajectory of WM deficits in ADHD.
Although attention-deficit/hyperactivity disorder (ADHD) was originally conceptualized as a childhood disorder that may be outgrown (Resnick, 2005) , findings from more recent studies have suggested that upward of 70% of children diagnosed with ADHD experience symptoms that persist into adolescence and adulthood (Barkley, Fischer, Smallish, & Fletcher, 2002; Biederman, Mick, & Faraone, 2000) . Prevalence rates for ADHD in adults have been estimated at 4.4% in the United States (Kessler et al., 2006 ) and 3.4% worldwide (Fayyad et al., 2007) , and persistence of ADHD symptoms into adulthood is associated with numerous pejorative outcomes, such as occupational difficulties and overall lower socioeconomic status (SES; Barkley, Fischer, Smallish, & Fletcher, 2006; Biederman et al., 2006) , social and relationship difficulties (Sobanski et al., 2008) , and increased economic burden related to health care costs (approximately $19.5 billion; Birnbaum et al., 2005) . Recognition of the lifelong trajectory of an ADHD diagnosis has led to a corresponding increase in adult studies of the disorder, including examinations of ADHD-related executive function deficits previously identified in affected children.
Executive functions generally refer to control processes involving prefrontal/frontal cortical areas that allow for the execution, regulation, planning, and inhibition of behavior (Elliott, 2003) . Working memory (WM) has garnered particular attention as an executive function that regularly yields moderate to large betweengroup effects when children or adults with ADHD are compared to nonaffected peers (Kasper, Alderson, & Hudec, 2012; Martinussen, Hayden, Hogg-Johnson, & Tannock, 2005; Schoechlin & Engel, 2005) . Working memory involves the temporary storage and active manipulation of internal information, and is comprised of a central executive (CE) and two subsystems-the phonological (PH) buffer/loop and the visuospatial (VS) sketchpad (Baddeley, 2007) . The PH buffer/loop allows for temporary storage (buffer) and maintenance (rehearsal via the articulatory loop) of PH information, while the VS sketchpad provides these storage and rehearsal processes for nonverbal visual and spatial information. Neuropsychological (Baddeley, 2007) , neuroanatomical (Smith, Jonides, & Koeppe, 1996) , neuroimaging (Fassbender & Schweitzer, 2006) , and factor analytic (Alloway, Gathercole, & Pickering, 2006) findings provide evidence that the PH and VS storage/rehearsal components of WM are anatomically and functionally independent systems. In contrast, the single domain-general CE functions as an attentional controller that serves to allocate resources to the subsidiary systems (i.e., the PH buffer/loop and VS sketchpad); coordinate cognitive processes when they occur simultaneously; and focus, switch, and divide attention. Collectively, the CE reflects the working component of WM, whereas the VS sketchpad and PH buffer/loop are analogous to what is frequently described as shortterm memory (STM; Baddeley, 2007) .
Findings from two previous reviews of executive functioning in adults with ADHD suggest that neuropsychological deficits observed in children with the disorder, particularly with regard to short-term verbal memory, persist into adolescence and adulthood (Hervey, Epstein, & Curry, 2004; Schoechlin & Engel, 2005) . Conclusions from these reviews warrant caution, however, due to the broad range of executive/neuropsychological domains included in the reviews. That is, STM and WM processes represented a relatively small proportion of reviewed studies (Hervey et al., 2004) or were not examined independently from other neuropsychological processes, such as long-term memory and attention (Schoechlin & Engel, 2005) . Still, a third meta-analytic review provided a more focused examination of WM and reported small to moderate effect sizes between the performance of adults with ADHD and healthy controls (HC) on span tasks (Boonstra, Oosterlaan, Sergeant, & Buitelaar, 2005) . These findings, however, are expected to reflect an underestimate of WM deficits in adults with ADHD due to the review's exclusive examination of forward and backward digit span tasks, which have been shown to place few demands on the CE (Cantor, Engle, & Hamilton, 1991; Engle, Tuholski, Laughlin, & Conway, 1999; Rosen & Engle, 1997) . Further, the review did not examine VS tasks that are routinely associated with larger between-group effects, relative to effects associated with PH tasks, in children with ADHD (Kasper et al., 2012) .
Previous estimates of WM deficits in adults with ADHD may also be confounded by variability in previous studies' task parameters and sampling methodology that do not maximize detection of between-group effects. For example, relatively larger betweengroup effect sizes are expected when studies use tasks that present a greater number of experimental trials (Burton & Daneman, 2007; Kasper et al., 2012) and require participants to recall target stimuli without a cue (i.e., recall tasks; Baddeley, Chincotta, Stafford, & Turk, 2002; Craik & McDowd, 1987) . Further, studies of WM deficits in adults with ADHD routinely examine performance differences across forward and backward span tasks to determine the relative contributions of storage/rehearsal and CE processes, respectively, to ADHD-related WM deficits (Hale, Bookheimer, McGough, Phillips, & McCracken, 2007; Lampe et al., 2007) . This methodology erroneously implies that forward span tasks do not involve CE processes, while backward span tasks do not require temporary storage and rehearsal of stimuli. In contrast, more recent experimental (Alderson, Rapport, Hudec, Sarver, & Kofler, 2010; Kofler, Rapport, Bolden, Sarver, & Raiker, 2010; Raiker, Rapport, Kofler, & Sarver, 2012; Rapport et al., 2008 Rapport et al., , 2009 ) and structural equation model (Huang-Pollock, Mikami, Pfiffner, & McBurnett, 2009 ) studies have utilized a regression approach to examine the unique contributions of VS storage/rehearsal, PH storage/rehearsal, and CE processes to WM impairments in children with ADHD. This methodological improvement has yielded strong evidence that implicates deficient CE functioning as the primary deficit associated with ADHD-related WM impairments in children, but has not been previously utilized in studies of adults with the disorder.
The current study is the first to use a regression approach to examine the unique contributions of storage/rehearsal (PH and VS) and CE processes to WM deficits in adults with ADHD. Identification of specific WM component processes that are deficient in adults with the disorder has both important heuristic and applied value. For example, identification of a pattern of impairment across CE and PH/VS storage/rehearsal processes that differs from what is typically reported in previous child studies (e.g., greatest magnitude impairment in CE, followed by VS and PH storage/ rehearsal processes, respectively; Rapport et al., 2008) would advance the field's understanding of the lifelong trajectory of ADHD-related WM deficits. In addition, a more precise understanding of impairments associated with specific WM-component processes in adults is expected to benefit the development, refinement, and implementation of WM-based interventions for ADHD (e.g., CogMed; Klingberg et al., 2005) that have been previously unsuccessful at demonstrating near-or far-transfer effects that are sustained at follow-up (Melby-Lervåg & Hulme, 2012) . The current study also addresses the methodological concerns reviewed above by utilizing WM tasks that require carefully diagnosed adult participants to rely on recall rather than recognition processes, sustain performance across a high number of trials, and frequently shift attention between rehearsal and mental manipulation of stimuli (i.e., place high demands on the CE).
A systematic approach was employed to examine WM in adults with ADHD. Specifically, separate PH and VS composite scores were created as a first step to examine storage/rehearsal and CE processes working in tandem, as well as the effect of WM modality (PH, VS) on performance. Based on previous meta-analytic findings of children (Kasper et al., 2012; Martinussen et al., 2005) , adults with ADHD, relative to HC adults, were expected to exhibit impairments in WM across both modalities (PH and VS composite scores), and disproportionately greater overall VS deficits. Subsequent analyses examined whether adults with ADHD exhibited disproportionately poorer performance as WM load increased across both PH and VS set-size blocks. Adults with ADHD, relative to HC adults, were predicted to recall disproportionately fewer PH and VS stimuli as WM demands increased across blocks of larger set sizes. Finally, the components of Baddeley's (2007) WM model were examined with a regression approach to identify the unique contributions of CE and PH/VS storage rehearsal processes (i.e., PH buffer/loop and VS sketchpad) to ADHD-related WM deficits. Although a regression approach to examine WM component processes has not been previously utilized in studies of adults with ADHD, a previous study with children that used nearly identical methodology reported that between-group (ADHD and HC) CE scores were associated with the largest magnitude effect size, followed by VS and PH storage/rehearsal processes, respectively (Rapport et al., 2008) . Therefore, we hypothesized a similar pattern of results in the current study (i.e., CE Ͼ VS Ͼ PH).
Method Participants
The sample consisted of 37 undergraduate students between the ages of 18 and 24 who completed the study to fulfill a research requirement for a university course. Twenty-one (10 male) participants comprised the ADHD group and had an average age of 19.57 (SD ϭ 1.91) years. The healthy control (HC) group included 16 (10 male) participants with an average age of 19.44 (SD ϭ 1.09) years. All participants gave their informed consent to participate in the study, and the university's Institutional Review Board approved the study prior to the onset of data collection.
Group Assignment
Participants in the ADHD group met all of the following criteria: (1) diagnosis by the directing clinical psychologist using DSM-IV-TR criteria for ADHD based on a Kiddie Schedule for Affective Disorders and Schizophrenia-Present and Lifetime Version (K-SADS-PL) semistructured clinical interview with the participant and questionnaire profile; (2) symptom count of at least four on the Barkley ADHD Current Symptoms Scale-Self-Report (Barkley & Murphy, 2006) ; (3) symptom count of at least six on the Barkley ADHD Childhood Symptoms Scale-Other Report This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. (Barkley & Murphy, 2006) completed by a parent/guardian (i.e., collateral rating; Kooij et al., 2008) ; and (4) no indication of current comorbid conditions based on supplemental ratings scales, a mental health history questionnaire, and K-SADS-PL clinical interview. A criterion count of 4 (rather than 6) on the Current Symptoms Scale was utilized based on literature suggesting childhood cutoffs may be too restrictive for adults (Barkley & Murphy, 2006; Kooij et al., 2005; Polanczyk, de Lima, Horta, Biederman, & Rohde, 2007; Simon, Czobor, Bálint, Mészáros, & Bitter, 2009) . Participants included in the HC group met all of the following criteria: (1) normal developmental history and no evidence of any clinical disorder based on supplemental ratings scales, mental health history questionnaire, and participant K-SADS-PL interview; (2) symptom count score less than 4 on the Barkley ADHD Current Symptoms Scale-Self-Report; (3) symptom count on collateral ratings within the nonclinical range (less than 6) on the Barkley ADHD Childhood Symptoms Scale-Other Report.
Participants that presented with (a) gross neurological, sensory, or motor impairment, (b) history of a seizure disorder, (c) psychosis, or (d) Full Scale IQ score less than 85 were excluded from the study. Participants with ADHD that were currently prescribed psychostimulant medication (n ϭ 12) were asked to discontinue use of the medication for 24 hours prior to the laboratory-based session.
Measures
Clinical interview. All participants were administered the K-SADS-PL semistructured clinical interview (Kaufman et al., 1997) . Although the K-SADS-PL was originally developed for use with children, it has been successfully adapted for use with adults to measure past and present symptoms of psychopathology by reframing probes in the past tense and using age-appropriate behavior examples (Belendiuk, Clarke, Chronis, & Raggi, 2007; Magnússon et al., 2006) , and has demonstrated strong construct and criterion validity and reliability ranging from 0.70 to 0.90 (Ambrosini, 2000; Belendiuk et al., 2007; Magnússon et al., 2006) . ADHD ratings scales. The Barkley (Barkley & Murphy, 2006) report forms (Current Symptoms Scale-Self-Report and Childhood Symptoms Scale-Other Report) are widely used to assess ADHD psychopathology, have internal reliability coefficients ranging from .84 to .95 (Katz, Petscher, & Welles, 2009; Zucker, Morris, Ingram, Morris, & Bakeman, 2002) , and have strong discriminant validity (Barkley, Murphy, DuPaul, & Bush, 2002) .
Intellectual functioning. All participants were administered the Kaufman Brief Intelligence Test-Second Edition (KBIT-2; Kaufman & Kaufman, 2004) to obtain an overall estimate of intellectual functioning. The KBIT-2 has strong psychometric properties with internal-consistency reliability that ranges from .89 to .96, and test-retest reliability that ranges from .76 to .93 (Kaufman & Kaufman, 2004) .
Background/psychosocial history. A series of questionnaires designed to assess psychosocial history in adults obtained information such as developmental history, medical and mental health history, social history, and work history. This information was gathered to further rule out potential competing etiologies for ADHD symptoms, and was supplemented by a brief psychosocial interview conducted prior to administration of the K-SADS-PL.
Visuospatial Working Memory Task. The VS WM task was programmed using SuperLab 4.0 (SuperLab Pro, 2008) and presented to participants on a 17 ϫ 14 in. touch-screen monitor. The task is designed to assess VS WM based on Baddeley's (2007) model and is a modified version of the task developed by Rapport and colleagues (2008) . A series of 2.5 cm diameter dots (4, 5, 6 or 7) were presented to participants sequentially for 800 ms each, in one of nine 3.2-cm squares arranged in three offset columns. The columns were offset to reduce the potential for PH coding by assigning numeric values to the square locations. One dot was red, but the rest were black. No two dots appeared in the same square during a trial and the location of the red dot was counterbalanced to appear in each of the squares an equal number of times across trials. However, the red dot was never presented first or last in the sequence to minimize potential primacy or recency effects. The presentation of each dot was followed by a 200-ms interstimulus interval, and each trial was followed by an auditory click and the appearance of a blank grid of boxes. Participants responded by touching the boxes on the screen in the same order and location in which the black dots appeared, followed by the location of the red dot. Indicating the position of the red dot last, rather than its serial position during presentation, requires attentional shifts between concurrent processing of previous and new information (i.e., black dots that appear before and after the red dot), rehearsal/maintenance of information temporarily held in the buffer/storage component, and mental manipulation of the information into the correct response sequence. Consequently, this procedure is expected to place increased demands on the "working" component of WM (i.e., the CE). Participants were allowed to respond for a maximum of 10,000 ms per stimulus (e.g., 40,000 ms maximum for set-size 4). The responses were followed by an intertrial interval of 1,000 ms and an auditory click to signify a new trial. A trial was comprised of four to seven stimuli (i.e., set-sizes 4, 5, 6, and 7), and each set-size block consisted of 24 trials (96 total trials). The presentation order of set-size blocks was counterbalanced across participants. Figure 1 provides a visual schematic of the VS task. Five practice trials were administered prior to the experimental trials, and participants were required to respond correctly to 80% of the practice trials to proceed. Participants did not receive feedback about their performance during practice or experimental trials.
Phonological working memory task. The PH WM task was programmed using SuperLab 4.0 (SuperLab Pro, 2008) and is similar to the Letter-Number Sequencing subtest in the Wechsler series of intelligence tests (Wechsler, 2003) . The task is a modified version of a measure developed by Rapport and colleagues (2008) and is designed to assess PH WM based on Baddeley's (2007) model. Participants heard a series of single digit numbers and one letter taken from a prerecorded stimulus bank. No number was presented twice in the same trial. The serial position of the letter in the sequence of stimuli (i.e., position 2, 3, 4, 5, or 6) was counterbalanced across trials to occur equally, but the letter never appeared in the first or last position of the sequence to reduce potential primacy or recency effects. Each number or letter was followed by a 200-ms interstimulus interval, and each trial was followed by a click and the appearance of a green traffic light to signal the participant should give his or her verbal response. Participants were instructed to recall the numbers aloud from smallest to largest followed by the letter. The reordering of stimuli, This document is copyrighted by the American Psychological Association or one of its allied publishers.
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and particularly placement of the letter last, is intended to serve the same purpose as the red dot in the VS task discussed above (i.e., increase CE demands). After verbally responding, participants touched the computer screen to advance to the next trial. Trials also advanced if participants failed to touch the screen after a delay commensurate with the number of stimuli presented in the trial (e.g., 40 seconds during trials of four stimuli, 50 seconds during trials of five stimuli). The responses were followed by an intertrial interval of 1,000 ms and an auditory click to signify the beginning of a new trial. A trial was comprised of four to seven stimuli (i.e., set-sizes 4, 5, 6, and 7), and each set-size block consisted of 24 trials (96 total trials). The presentation order of set-size blocks was counterbalanced across participants. Figure 1 provides a visual schematic of the PH task. Five practice trials were administered prior to the experimental trials, and participants were required to respond correctly to 80% of the practice trials to proceed. Participants' verbal responses were independently coded by two research assistants in an adjacent room (outside of the participant's view). Participants did not receive feedback about their performance during practice or experimental trials.
Visuospatial and Phonological Dependent Variables
The average stimuli correct at each set size (4, 5, 6, and 7) was calculated to provide a measure of participants' VS and PH task performance separately. Separate VS and PH composite scores were subsequently created to address questions concerning overall VS and PH WM (i.e., combined contribution of CE and storage/ rehearsal processes) differences among groups, and computed as a mean of each participant's scores across the VS and PH set sizes.
Next, a regression approach described by Rapport et al. (2008) was employed to create three dependent variables that reflect the CE and separate PH and VS storage/rehearsal processes. The theoretical rationale of this procedure is based on findings that provide evidence of independent VS and PH subsystems and a single, domain-general CE (Alloway et al., 2006; Baddeley, 2007; Fassbender & Schweitzer, 2006; Smith et al., 1996) . Shared variability between VS and PH composite scores is expected to reflect CE processes, while statistically removing shared variability between VS and PH scores is expected to reflect VS and PH storage/ rehearsal processes, respectively. Consequently, a VS storage/ rehearsal variable was estimated using the following procedures. Phonological scores were regressed onto VS scores at each size (4, 5, 6, and 7) to covary common variance associated with the domain-general CE. The four unstandardized residual scores that resulted from this procedure were averaged to provide an overall measure of VS storage/rehearsal processes, independent of variance associated with the CE. Next, VS scores were regressed onto PH scores at each set size and the resulting unstandardized residual scores were averaged to create a variable that reflected PH storage/ rehearsal processes, independent of variance associated with the CE. Finally, PH scores were regressed onto VS scores at each set size to obtain unstandardized predicted scores that reflect shared variance between the variables. The process was repeated by regressing VS scores onto PH scores at each set-size and the eight total unstandardized predicted scores were averaged to create a variable that reflected CE processes, independent of variability associated with PH or VS storage/rehearsal processes.
Procedure
Participants first completed an online screening questionnaire that included Barkley's Current Symptom Scale-Self-Report and a supplementary question that asked whether they had been previously diagnosed with ADHD. The initial screening questionnaire was completed by 9,133 adults. Participants who self-reported at least four inattention or hyperactivity/impulsivity problems were notified via email of their eligibility to participate in the study. Participants with no psychiatric history and less than four selfreported ADHD symptoms were also invited to participate as potential members of the HC group. Individuals who did not qualify for either group (i.e., reported an ADHD diagnosis but less than four current ADHD symptoms, or reported no history of ADHD but endorsed at least four ADHD symptoms) were also eliminated during initial screening procedures. A total of 1,100 individuals completed the entire questionnaire, provided contact information, met initial eligibility requirements, and were recruited via e-mail. Seventy-eight participants responded to the recruitment e-mail and were subsequently asked to complete additional online questionnaires that inquired about their social development, health history, and employment history. The online questionnaires required approximately 30 minutes to complete. Further, the 78 participants completed all study requirements (i.e., self and collateral informant questionnaires, clinical interview, KBIT-2, and experimental tasks). Forty-one participants were not included in the final analyses, however, because they did not meet inclusion criteria for the ADHD or HC group after their ratings scales and clinical interviews were examined. That is, they comprised a heterogeneous group with psychiatric symptoms and disorders that were not due to ADHD (e.g., generalized anxiety disorder, dysthymic disorder, and adjustment disorder). The final sample (N ϭ 37) consisted of 21 adults with ADHD and 16 adults in the HC group.
Each participant completed one laboratory-based session. Upon arrival, the session administrator reviewed an informed consent with each participant and obtained their consent to participate. The Figure 1 . Visual schematics of the PH and VS working memory tasks. During the PH task (shown on left), participants hear a series of jumbled numbers and a letter and respond by saying the numbers in order from smallest to largest and the letter last. During the VS task (shown on right), participants see a series of black dots and one red dot appear sequentially in an offset 3 ϫ 3 grid. Participants are subsequently shown a blank grid and respond by touching the grid's boxes in the same order that the black dots appeared, and then the red dot. This document is copyrighted by the American Psychological Association or one of its allied publishers.
K-SADS-PL was administered followed by a short break (3 to 5 minutes) and administration of the KBIT-2. The session was video-recorded to allow two coders to review the clinical interview for interrater agreement of diagnoses, and agreement of diagnosis/ group assignment was 100%. Participants completed both PH and VS experimental tasks seated alone on a swivel chair approximately 0.70 m from a computer monitor in the testing room. Each participant completed four PH conditions (set-sizes 4, 5, 6, 7) and four VS conditions (set-sizes 4, 5, 6, 7). Set size and WM modality (PH or VS) were counterbalanced to control for order and carryover effects. All participants were offered breaks (2 to 3 minutes) between tasks or as needed. The entire laboratory-based session lasted approximately 2.5 hours.
Results

Data Screening
Power analyses. G ‫ء‬ Power software version 3.0.5 (Faul, Erdfelder, Lang, & Buchner, 2007) was used a priori to determine needed sample size for omnibus tests as recommended by Cohen (1992) . A Cohen's d effect size of 0.44 was chosen based on the average magnitude of WM differences between adults with ADHD and HC adults reported in a previous meta-analytic review (Boonstra et al., 2005) . Power was set to .80 based on the recommendation of Cohen (1992) . For an effect size of 0.44, ␣ ϭ .05, power (1 -␤) ϭ .80, and 2 groups, 32 total participants are needed for a repeated measures ANOVA (set-sizes 4, 5, 6, and 7) to detect an interaction between group and set-size. The current study included 37 participants, suggesting it had sufficient power.
Outliers. The average stimuli correct for each condition (PH and VS set-sizes 4 -7) were screened for univariate outliers that may skew group statistics during analyses, and tested against p Ͻ .001 (Ն3.29 SD above or below the group mean; Tabachnick & Fidell, 2001) . One HC and two ADHD participants' scores were identified as outliers and were replaced with performance values equal to 3.29 SD for the group, following the recommendation of Tabachnick and Fidell (2001) .
Preliminary Analyses
All self-report and collateral-report ADHD ratings scale scores were significantly higher for the ADHD group relative to the HC group (all p Ͻ .05). Sample race consisted of 31 Caucasians (83.8%), two African Americans (5.4%), two Native Americans (5.4%), one Hispanic (2.7%), and one biracial (2.7%). The groups were not significantly different with regard to race, age, measured intelligence, or Hollingshead (1975) SES scores (all p Ͻ .05). We therefore report simple model results with no covariates. Demographic means, standard deviations, and between-groups contrasts are presented in Table 1 .
Tier I: Composite Score Analysis
Tier I analyses examined overall differences in WM performance (i.e., PH and VS) between ADHD and HC groups. A composite score was calculated for each modality by obtaining a mean of participants' average stimuli correct at each set-size. A 2 ϫ 2 mixed model ANOVA revealed significant main effects of WM modality (F(1, 35) 
Tier II: Set Size
Tier II analyses examined the effect of set size on PH and VS performance across the ADHD and HC groups. A group (ADHD, HC) by set-size (4, 5, 6, and 7) mixed-model ANOVA on average PH stimuli correct revealed significant main effects for group, F(1, 35) ϭ 7.28, p ϭ .01 and set size, F(3, 105) ϭ 183.51, p Ͻ .001. LSD post hoc analyses indicated that, with increasing opportunities for correct answers as set size increased, participants across both groups had a higher number of correct responses during larger set-size blocks relative to smaller set-size blocks (all p Ͻ .05). These findings, however, must be interpreted in the context of the significant overall group by set-size interaction, F(3, 105) ϭ 7.88, p Ͻ .001, which indicated that adults with ADHD recalled disproportionately fewer PH stimuli as the set-sizes increased. Separate repeated measures ANOVAs were subsequently conducted for each group, and both the ADHD, F(3, 60) ϭ 44.86, p Ͻ .001 and HC, F(3, 45) ϭ 363.45, p Ͻ .001 groups exhibited a similar pattern, recalling significantly more PH stimuli as the set sizes increased (all p Ͻ .05). Finally, independent samples t tests were This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
computed at each set size. Adults in the ADHD group, relative to HC adults, recalled significantly fewer PH stimuli during set-sizes 5, 6, and 7 (all p Ͻ .02; see Table 2 ). Figure 3a displays the results of the group by PH set-size interaction. A group (ADHD, HC) by set-size (4, 5, 6, and 7) mixedmodel ANOVA on average VS stimuli correct revealed a significant main effect for set size, F(3, 105) ϭ 34.77, p Ͻ .001. LSD post hoc analyses indicated that, with increasing opportunities for correct answers as set size increased, the average VS stimuli recalled significantly increased from set-sizes 4, 5, and 6 (all p Ͻ .05), but not 7 (p Ͼ .05). Although the main effect of group was not significant, F(1, 35) ϭ 1.41, p ϭ .24, there was a significant interaction between group and set size, F(3, 105) ϭ 3.63, p ϭ .02, which indicated that adults with ADHD recalled disproportionately fewer VS stimuli as the set sizes increased. Separate repeated measures ANOVAs were subsequently conducted for each group, and both the ADHD, F(3, 60) ϭ 11.53, p Ͻ .001 and HC, F(3, 45) ϭ 28.89, p Ͻ .001 ANOVAs revealed significant main effects for set size. LSD post hoc comparisons indicated that, with increasing opportunities for correct answers as set size increased, the number of VS stimuli recalled by adults with ADHD significantly increased from set-size 4 to 5 (p Ͻ .05), but did not differ between set-sizes 5, 6, and 7 (all p Ͼ .05). In contrast, the recall of VS stimuli by adults in the HC group significantly increased from set-sizes 4, 5, and 6, but did not significantly differ between set-sizes 6 and 7. Finally, independent samples t tests were computed at each set size. Adults in the ADHD group, relative to HC adults, recalled significantly fewer VS stimuli during set-size 7 (p ϭ .03; see Table 2 ). Figure 3b displays the results of the group by VS set-size interaction.
Tier III: Working Memory Components
A regression approach, described in the method section above, was undertaken to create variables VS storage/rehearsal, PH storage/rehearsal, and CE. One-tailed, independent samples t tests indicated that adults with ADHD obtained significantly worse CE, t(35) ϭ 1.99, p ϭ .027 and PH storage/rehearsal, t(35) ϭ 1.96, p ϭ .03 scores, compared to adults in the HC group. The groups were not significantly different, however, with regard to their VS storage/rehearsal scores, t(35) ϭ .62, p ϭ .27. Means, standard deviations, and effects sizes are shown in Table 2 .
Discussion
The current study is the first to use a regression approach to examine the independent contributions of CE and storage/rehearsal WM processes, across both PH and VS systems, in adults with ADHD and HC adults. The current study also improves upon previous studies' typical methodology by using a combination of sampling and task procedures (i.e., carefully diagnosed participants, recall rather than recognition tasks, a high number of experimental trials, greater demands on the CE) that have been identified as significant moderators of between-group (ADHD and HC) performance on WM tasks (Kasper et al., 2012) .
As a first step, PH and VS WM composite scores were created to examine storage/rehearsal and CE processes working in tandem. These scores also permitted an examination of the effect of WM modality (PH, VS) on performance. Overall, both groups performed significantly better during the PH task relative to the VS task. This finding is consistent with previous research that suggests an ontological shift occurs at around age 16 years, from a predominant reliance on the VS system in childhood, to a greater reliance on the PH system in adolescence and adulthood (Woods, Lovejoy, & Ball, 2002) . This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
An examination of between-group differences in overall WM performance (PH and VS composite scores) suggested that adults with ADHD, relative to adults in the HC group, exhibited significant performance deficits associated with the overall PH system (ES ϭ .93), but not the overall VS system. The current study's overall PH effect size is nearly twice as large as the PH effect size reported in Boonstra et al.'s (2005) meta-analytic review of WM in adults with ADHD (ES ϭ 0.29 -0.44). Boonstra and colleagues' (2005) exclusive examination of forward and backward span tasks, however, may explain the discrepancy between the current findings and those of the previous meta-analytic review. That is, factor analytic (Cantor et al., 1991) and structural equation model (Engle et al., 1999) studies have demonstrated that simple reversal of stimuli (e.g., digit span backward) does not place sufficient demand on the working (i.e., CE) component of WM, and consequently suggest that forward and backward span tasks may be more accurately reified as measures of STM. In contrast, the current study required participants to recall a proportion of PH or VS stimuli (numbers or black dots), while simultaneously maintaining a second stimulus (letter or red dot) and responding with its value or location last. The dual-task quality of these PH and VS measures is expected to place greater demands on the CE, as it requires frequent attentional shifts between concurrent processing of new information and rehearsal/maintenance of information temporarily held in the buffer/storage component. Finally, the current study's task also presented substantially more trials, both within each set size (24) and across the entire task (96), relative to the span tasks included in Boonstra et al.'s (2005) review (i.e., two trials per set size), which is expected to yield larger magnitude between-group effects (Kasper et al., 2012) .
The next set of analyses examined whether increasing WM load across set size blocks affects the PH and VS WM performance of ADHD and HC adults. With increasing opportunities for correct answers as set size increased, participants with ADHD, relative to HC adults, made disproportionately fewer correct responses in the larger set-size blocks. A closer examination of the interactions revealed that adults in the HC group, on average, were able to recall a maximum of 6.10 PH stimuli, compared to only 5.41 PH stimuli by adults in the ADHD group. The pattern was similar for the VS condition, such that adults in the HC group were able to recall a maximum of 4.94 VS stimuli, compared to 4.52 stimuli by adults in the ADHD group. At first glance, these findings appear to suggest the PH and VS storage/rehearsal processes of adults with ADHD are impaired relative to adults in the HC group, given the average-maximum number of PH and VS stimuli recalled by the ADHD group never equaled or exceeded the average-maximum stimuli recalled by the HC group. Alternatively, these findings may reflect differential demands on the CE as set sizes increased. For example, the greater number of stimuli associated with larger set sizes might place greater demands on focused attention and interference control (Unsworth & Engle, 2006) .
A regression approach was subsequently utilized as a final step to examine the unique contributions of the domain-general CE and independent storage/rehearsal processes of the PH and VS systems, and further explicate the aforementioned significant group by set-size interactions. Overall, the CE and PH storage/rehearsal processes of adults with ADHD were both significantly impaired relative to those of the HC adults, while between-group differences on the VS storage/rehearsal variable were not significant. The nonsignificant VS storage/rehearsal effect size, as well as the similarity between the current study's CE and PH storage/rehearsal effect size magnitudes (.63 and .64, respectively), was surprising following Rapport et al.'s (2008) analogous study of children that reported the largest magnitude group difference was associated with the CE (2.76), followed by VS (.89) and PH (.55) storage/ rehearsal processes, respectively. These findings also contrast pre- This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
vious meta-analytic reviews of children that report larger effects associated with the VS system and CE processes (Kasper et al., 2012; Martinussen et al., 2005) . Collectively, the current findings appear to provide strong evidence of relatively persistent PH storage/rehearsal impairments, but improved CE and VS storage/ rehearsal functioning in adults with the disorder. Several potential limitations of the current study warrant consideration. For example, findings from studies with small sample sizes are vulnerable to Type II errors. However, the current study's relatively small sample size of 37 adult participants was sufficient based on the a priori power analysis, and with the exception of the VS storage/rehearsal between-groups comparison, all other analyses yielded significant interactions and/or between-and within-group effects. In addition, the small magnitude, nonsignificant VS storage/rehearsal effect size (d ϭ .19, p ϭ .27) suggests that additional power gained from a larger sample is unlikely to meaningfully change the results. The inclusion of both male and female participants might also be viewed as a potential limitation, particularly given the sample's high representation of females that is not representative of the expected gender distribution of ADHD diagnoses in the population (Pastor & Reuben, 2008) . However, it is unlikely that the sample's gender heterogeneity confounded the results since our preliminary examination of gender as a potential covariate did not yield significant differences. Finally, the restricted age range may limit the current study's ability to generalize to older adults, and particularly adults not enrolled in college. Regardless, the current study reflects a preliminary examination of the CE and storage/rehearsal components of WM in adults, and future studies that investigate the influence of gender and ADHD subtype would augment the current findings.
Overall, the regression approach utilized in the current study identified CE and PH storage/rehearsal processes as the principal deficits underlying WM impairments in adults with ADHD. These findings may have important applied implications, as the efficacy of clinical interventions used to target ADHD-related WM deficits may be enhanced by considering patients' age when tailoring treatments' focus on specific component processes. In addition, the current findings, particularly with regard to the CE, appear to suggest a developmental trajectory that coincides with age-related attenuation of symptoms associated with the adult-ADHD phenotype (Halperin, Trampush, Miller, Marks, & Newcorn, 2008) . Further research is needed to determine whether a causal relationship between ontological changes in WM and DSM-IV-TR (American Psychiatric Association, 2000) defined core ADHD symptoms is present; however, previous experimental studies with children have demonstrated that deficits of the CE, more so than PH and VS storage/rehearsal processes, are upstream of ADHD-related hyperactivity (Rapport et al., 2009 ) and attention deficits , and mediate the relationship between ADHD diagnoses and behavioral disinhibition (Alderson et al., 2010) , impulsivity (Raiker et al., 2012) , and social impairments (Kofler et al., 2011) . Consequently, it appears that a decrease of CE deficits accompanied by expected improvements of other executive functions, may contribute to phenotypic changes frequently observed in adults with the disorder.
